We develop parameters for the interlayer Kolmogorov-Crespi (KC) potential to study structural features of four transition metal dichalcogenides (TMDs): MoS 2 , WS 2 , MoSe 2 and WSe 2 . We also propose a mixing rule to extend the parameters to their heterostructures. Moiré superlattices of twisted bilayer TMDs have been recently shown to host shear solitons, topological point defects and ultraflatbands close to the valence band edge. Performing structural relaxations at the DFT level is a major bottleneck in the study of these systems. We show that the parametrized KC potential can be used to obtain atomic relaxations in good agreement with DFT relaxations. Furthermore, the moiré superlattices relaxed using DFT and the proposed forcefield yield very similar electronic band structures.
Introduction
The growing family of layered materials and the 'Lego set' 1 of possible heterostructures is an attractive field of research. 2, 3 Layered materials are composed of two-dimensional (2D) atomic layers weakly held together by van der Waals (vdW) forces. The widely used approach to theoretically simulate 2D materials and their heterostructures is through vdW corrected density functional theory 4-7 (DFT). This quantum mechanics based approach is accurate but computationally intractable for applications that require large scale simulations of 2D materials with more than 10,000 atoms. One such application is the study of moiré patterns in 2D materials.
On introducing a small-angle twist between the two layers of a bilayer system leads to the formation of a large scale moiré superlattice (MSL). [8] [9] [10] MSLs have interesting properties at the electronic as well as the structural level. The moiré pattern is composed of various local high-symmetry stackings. [8] [9] [10] Structural reconstructions lead to the formation of shear strain solitons at stacking boundaries and topological point defects in twisted bilayer graphene (tBLG). 8, [11] [12] [13] [14] Unconventional superconductivity was recently observed in tBLG coordinates of the atoms in the MSL is a major bottle-neck in these calculations.
Classical force-field based methods have been used to replace expensive DFT calculations to study the structural properties of 2D materials. 8, 14, [20] [21] [22] An important ingredient to classical force-field based methods is the proper modelling of the vdW interaction between layers. [23] [24] [25] The Lennard-Jones (LJ) model has been widely used to account for the interlayer vdW interactions. Sliding one layer of a 2D material with respect to the other leads to different stacking configuration of the atoms, which have different binding energies. This stacking dependence of the binding energy is not captured by the LJ model. Tribology 26, 27 and the study of moiré patterns in 2D materials are particularly sensitive to the stacking dependence.
28,29
To overcome this drawback, the Kolmogorov interactions. The KC parametrization is performed to fit the binding energy of the various bilayer stackings computed using DFT. We also propose a mixing rule for these parameters to simulate heterostructures using these materials. The layer breathing mode and shear mode frequencies computed using these potentials are in good agreement with experiments. We use the SW and fitted KC parameters to perform the structural relaxation of the 3.5
• and 56.5
• twisted bilayer MoS 2 . We find that the atomic relaxations using these forcefield calculations are in good agreement with relaxations performed using DFT. Furthermore, the electronic band structure computed using the forcefield relaxed structure is in good agreement with that computed using the DFT relaxed structure. Indicating that this method can replace the computationally expensive DFT relaxation steps while studying the electronic properties of moiré superlattices.
Computational Details
The vdW corrected DFT calculations are carried out using the plane-wave pseudopotential package Quantum Espresso. 49 We use ultrasoft 50 We aim to model the binding energy (BE) landscape of the bilayer system as a function of shear between the two layers using classical forcefields. The BE landscape computed using vdW corrected DFT for bilayer MoS 2 with fixed interlayer spacing of 6.35 is shown in Fig. 
Kolmogorov-Crespi potential

(a) and (d). The Kolmogorov-Crespi is a reliable interlayer potential since it contains an
explicit registry dependent term. The form of the potential is given by:
The potential, V ij , is defined between atom i in one layer and atom j in the adjacent layer. The potential is set to zero after a cut-off radius, r cut . The KC potential includes a stacking dependent term, V ρ , multiplying the short-range repulsive interaction.
where, ρ
V ρ determines the energy barrier to shear one layer with respect to the other in a bilayer system. The KC potential thus consists of 8 parameters for each type of interaction. A taper function 21, 23, 24, 61 is often used to ensure the interlayer potential goes to zero smoothly.
Using a large r cut = 14 Å does not affect the results significantly in the absence of the taper function. See Supplementary Information (SI) for more details. n i and n j are surface normals at site i and j, respectively. To compute the surface normal at the position of an atom i, we find the neighbours of the same type in a radius r n around atom i. This is illustrated in Fig.   4 . r n is chosen to accommodate the six nearest neighbours of the same type. Six normals are then constructed from consecutive pairs of neighbouring atoms and averaged to obtain n i . See SI for more details. We refer to interactions that take into account the normals as KC-n. A simplification to the present form of the potential can be introduced by setting n i = n j =ẑ. This approximation only works for multilayers whose bending leads to normals that do not deviate significantly fromẑ. For the case of twisted bilayers, we find this to be a good approximation since the normals are close toẑ. We will refer to this approximation as KC-z. This is discussed further in subsequent sections.
Steric effects govern the relative energy of the stackings. The stackings with chalcogen atoms in the top layer directly above chalcogen atoms in the bottom layer, ie. AA and B X/X , are unfavourable and highest in energy. 9, 62 The other three stackings are relatively lower in energy. It would thus seem reasonable to consider the KC interactions between the X 2 and X 3 ( Fig. 3 (a) ) atoms alone. On fitting the KC parameters of this interaction, KC X−X , to . The local normal is finally computed after averaging over the six normals for i-th atom.
DFT BE leads to a good representation of shear starting with the AA stacking (SH AA ), as shown in Fig. 3 (b) . But fails to completely represent the BE of shear starting with the AB stacking ( Fig. 3 (c) ). In particular, the difference in BE between AB and B M/M stackings is not captured. This is expected, because in the presence of only X 2 -X 3 interactions, AB stacking is indistinguishable from the B M/M stacking.
To differentiate the BE of the AB and B M/M stackings in SH AB we further introduce the M 1 -X 3 , M 2 -X 2 and M 1 -M 2 interlayer interactions (see Fig. 3 (a) ). We introduce these additional interactions and refit all the KC parameters. In the supplementary information we propose two other approaches to obtain the BE landscape with reasonable accuracy. The (d) ) BE computed within DFT and using SW+KC as a function of interlayer spacing for the high-symmetry stackings in bilayer WS 2 (MoSe 2 ). The shaded region marks the range of interlayer spacings in the bilayer system. (e) ((f)) BE computed within DFT and using SW+KC as a function of shear, SH AA and SH AB , in bilayer WS 2 (MoSe 2 ). The ILS in (e) and (f) is fixed to 6.0 and 6.4 Å. X 2 -X 3 , M 1 -X 3 , M 2 -X 2 and M 1 -M 2 , are included. These parameters are provided in Table 1 .
The BE landscape for MoS 2 with SW+KC is shown in Fig. 2 (b) and (e). Fig. 2 (c) and (f) show the deviation of the landscape computed using SW+KC from DFT. The KC potential parameters are obtained by fitting the BE as a function of interlayer spacing (out-of-plane separation between M atoms of top and bottom layer) for the highsymmetry stackings and as a function of shear between the two layers, SH AA and SH AB .
The fitting to the shear is performed at the average interlayer spacing of the high-symmetry stackings. Fitting shear at the average interlayer spacing is sufficient to reproduce the shear at the minimum and maximum interlayer spacings as well. Fig. 5 (a) , (c) and (e) compare the BE computed using SW+KC with the corresponding DFT BE for bilayer MoS 2 . Fig. 5 (b), (d) and (f) compares SW+KC BE with DFT for bilayer WSe 2 . Fig. 6 Relaxing these moiré patterns in DFT starting from the rigidly twisted structure leads to significant in-plane and out-of-plane displacements of the atoms. 9 Because of large bending rigidity, 66 the out-of-plane displacements smoothly vary across the MSL surface. The ILS is largest for the AA and B S/S stacking regions as shown in Fig. 9 (e) for the case of 3.5
• twisted bilayer MoS 2 . We also use the SW+KC to perform the relaxations of the same MSL, starting with the rigidly twisted structure. The ILS distribution obtained using the forcefield approach ( Fig. 9 (f) ) is in good agreement with the DFT results. We have performed these relaxation using KC-n, ie. including normals in the interlayer interaction.
The undulations in each of the layers is smooth. The out-of-plane displacements of each layer, while significant, vary over a large area. We thus find that the normals do not deviate significantly fromẑ for small or large twist-angles. The distribution of φ in KC-n relaxed structures is shown in Fig. 11 Fig. 11 , and cos(1.2 • ) ≈ 1. Furthermore, we find the energy computed using KC-n and KC-z for these angles differ by less than 0.01 meV/atom.
KC-z is thus sufficient to capture relaxations in moiré superlattices. We also compare the forces in the MSL computed using DFT, KC-n and KC-z for unrelaxed 7. The in-plane displacements of the MoS 2 units in the moiré pattern lead to an increase in the area of low-energy stacking with respect to the rigidly twisted MSL. 9 The stackings in the relaxed structure can be identified by means of an order-parameter (OP). The OP is defined 9 as the shortest displacement vector that takes any given stacking in the moiré The electronic structure of MSLs in bilayers 9 as well as heterostructures 74 has been shown to host flat bands close to the valence band edge. We demonstrate that the electronic structure calculations can replace the time-consuming relaxation steps in DFT with the forcefield relaxations. To this effect, we compute the band structure of 7.3 • , 9.4
• , 50.6
• , 52.7
• twisted MSL using the DFT relaxed structure and the structure from SW+KC relaxations. • and 50.6
• twisted bilayer MoS 2 , respectively. (c) and (d) Band structure of 7.3
• and 52.7
• twisted bilayer MoS 2 , respectively. Solid lines represent band structure computed using the DFT relaxed structure. Dashed lines represent the band structure computed using the forcefield (SW+KC) relaxed structure. The inset shows an enlarged plot of the valence bands in M 7.3 and M 52.7 . The flat band is marked in blue.
In conclusion, we parametrize the KC potential for multilayer TMDs and propose a mixing rule to extend the parameter to TMD heterostructures. The parametrization is performed to fit the BE landscape computed using van der Waals corrected DFT. We show that the forcefield can be used to simulate structural transformations in MSLs of twisted bilayer MoS 2 . These structural reconstructions are in good agreement with those computed using DFT. Furthermore, the electronic band structure computed using the forcefield relaxed structure is in good agreement with band structure computed using the DFT relaxed structure. This indicates that the computationally expensive DFT relaxation steps can be replaced by the proposed forcefield method. Apart from predicting the structure of MSLs, several tribological properties can be studied using these KC potentials. The lubricity of the various bilayers and bilayer heterostructures can be computed. Moreover, the dependence of lubricity on the twist angle between the bilayers can be explored. The effect of finite temperature on the tribological properties and on solitons in the MSLs can also be studied with molecular dynamics simulations using these potentials.
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